Air embolism is the most dramatic complication of artificial pneumoperitoneum. Little is known, however, of its incidence, its mortality rate or the relative risks of induction and refill. This paper discusses these problems and the methods of prevention and treatment most likely to be successful.
The Table I , from which the cases of Aslett and Jarman (1945) have deliberately been omitted, as it is doubtful if they are cases of air embolism (Lancet, 1945) . The case described by Burgos (1946) has also been omitted, as I have been unable to obtain a copy of this paper, and I have no doubt several other cases have been omitted inadvertently.
CASE REPORTS CASE 1.-A Chinese man aged 29 had a pneumoperitoneum induced on November 3, 1952, for cavitating tuberculosis of the right upper lobe with bronchogenic spread to both lungs. On December 3, 1952, for his fifth refill, a Morland's needle was inserted into the lateral border of the left rectus sheath above the umbilicus. The initial pressure was recorded as 15 cm. of water whereas on previous occasions it had been 10 cm. Air, 600 ml., was given by a Maxwell apparatus and, as the pressure then recorded was 18 cm. of water, the refill was stopped. On rising from the couch, he immediately fell to the floor unconscious and had a tonic fit.
When placed on the couch again the jaws were tightly clenched, the airway was obstructed, and he became cyanosed although the pulse was full and of normal rhythm. When the jaw relaxed, the cyanosis rapidly disappeared and within 10 minutes of the onset he had regained consciousness although he was still disorien-E tated. An hour later he was symptom free and was discharged from the ward the following day to continue the pneumoperitoneum without further incident.
CASE 2.-A 29-year-old Chinese woman had a pneumoperitoneum induced on May 12, 1952, for tuberculous infiltration of both apices. On June 3, 1953, a Morland needle was inserted into the lateral border of the left rectus sheath 1 in. (2.5 cm.) above the umbilicus and 1,500 ml. of air was given with a Maxwell apparatus. During this time the patient complained of abdominal discomfort. She got up from the couch and immediately collapsed unconscious on the floor. She was replaced on the couch, which had its foot raised 24 in. (60 cm.), and was given oxygen. She was pale, cold, pulseless, completely apnoeic, and in a tonic convulsion with extension of the legs, flexion of the arms, and deviation of the eyes upwards and to the left. After about 45 seconds, gasping respirations and a feeble, irregular pulse began. Auscultation over the lower sternum revealed a " crunching " systolic sound which lasted about 10 minutes and was accompanied by moderate cyanosis. Fifteen minutes later she regained consciousness but was restless and confused. There were no neurological signs, but she had been incontinent, had bitten her tongue, and had a haematoma above the left eye. After one and a half hours she appeared quite well except for a headache which had disappeared by the following morning. The pneumoperitoneum has since been continued without any difficulty. CASE 3.-A Chinese man aged 26 years had a pneumoperitoneum induced on April 25, 1952, for bilateral apical cavitation of tuberculous origin. On June 8, 1953, a Morland needle was inserted through the lateral border of the rectus sheath i in. (2 cm.) above the umbilicus and to its left. With a Maxwell apparatus 400 ml. of air had been given when the patient complained of discomfort in the lower chest and epigastrium, and the pressure, when the flow of gas was stopped, returned very slowly to its initial level of + 6 cm. of water. The position ofthe needle was adjusted and a further 1,200 ml. was given without difficulty. Directly the needle was withdrawn, he complained of difficulty in breathing and tingling of the fingers. He lost consciousness, had a tonic fit, became cyanosed with stertorous, rapid respiration and developed a weak, irregular, rapid pulse. A typical " mill-wheel " murmur could be heard over the DAVID BURMAN base of the heart. The foot of the bed was immediately raised about 18 in. (45 cm.) and oxygen was administered through a B.L.B. mask. Within five minutes he had regained consciousness, had normal respirations and colour although his pulse was still rapid. He was admitted to the ward, but three hours later discharged himself against advice. He The under surface of the liver showed a subcapsular haemorrhage, but the capsule was intact. Air was found in the vessels of the liver, the hepatic veins, the inferior vena cava, the common iliac veins, the right atrium and ventricle and the pulmonary artery. Air was also found in the pial vessels of the vertex and the circle of Willis and its branches, although the foramen ovale of the auricular septum was not patent.
The radiographs (Figs. 1, 2 , and 3) were taken five hours after death and show ( Figs. 1 and 2) AIR EMBOLISM DURING PNEUMIOPERITONEUM TREA TMENT while she was known to be five months pregnant, a Saugman needle was inserted into the lateral border of the left rectus sheath at the level of the umbilicus, and air was injected with a modified Lillingston-Pearson pneumothorax apparatus. During this time she complained of slight abdominal discomfort, and, when 500 ml. had been given, she became unconscious and started a tonic fit with extension of the legs and spine and flexion of the arms. She became cyanosed, with a Banyai (1946) Simmonds ( Thomas, 1947) . The incidence of air embolism complicating pneumothorax refills has been estimated as between 1 in 2,000 and 1 in 3,000 (Durant, 1935; Hogan, 1947 ). This figure is considerably higher than the maximal incidence of air embolism complicating pneumoperitoneum calculated above.
Of the 53 cases included in Table 1 , 22 or 41.5,% of the total, 11 or 38% of the 29 refills, and six or 46% of the 13 inductions were fatal. There is thus no significant difference between the mortality rate of air embolism complicating induction or refill of pneumoperitoneum, but the rate appears to be higher than the 33% reported by Hogan (1947) and the 22% reported by Hamilton and Rothstein (1935) for the mnortality rate of air embolism complicating pneumothorax. This is surprising, for it would be expected that the mortality occurring during pneumothorax therapy would be higher because a proportion of air emboli in pneumothorax treatment are of the arterial type, which experimentally requires only 0.5 ml. of air per lb. of body weight to produce death regularly (Moore and Braselton, 1940) , whereas all in pneumoperitoneum therapy are of the venous type and require much larger volumes of air to be fatal (e.g., 7 ml. per lb. of body weight as reported by Wolffe and Robertson, 1935) . The figure 41.5% is almost certainly unduly high, because some of the cases are reported by pathologists, and isolated cases which recover always have less chance of being reported than those which are fatal.
PREVENTION OF AIR EMBOLISM
Before discussing the treatment of air embolism in pneumoperitoneum therapy it is advisable to discuss how these accidents can be avoided. The aetiological factor which most authors have emphasized is the inexperience of the operator. In only one of the six cases in the present series was the operator's experience of pneumoperitoneum therapy greater than one year.
The apparatus used also seems to be an important factor in the production of the present series of air emboli, for it will be noted that in five cases a Maxwell pneumothorax apparatus and a Morland needle were used whereas this apparatus is used in only about 50% of the refills performed at Tan Tock Seng Hospital. In the other cases a seesaw type of Lillingston-Pearson apparatus is used with a Saugman needle. The probable reason for this is the ease with which a high pressure can be applied with the Maxwell apparatus, although the design of the needle is also important. Cafiero and Mastropaolo (1952) mention the low incidence of air embolism associated with the use of a needle with a lateral aperture, but it would seem possible that only half of the aperture might be in the peritoneal cavity, while the other half was in the tissues. In this case air could be injected into the tissues, yet the pressure would fall rapidly when the flow of gas vas stopped. This is aLnost impossible if the needle has a terminal aperture and particularly if it has a short bevel. A further advantage of a Saugman needle is that a stylet may be passed through it or a syringe may be attached and aspiration attempted before injecting air; this, Le Melletier (1945) considers, is the most important method of preventing the complications of pneumoperitoneum therapy.
The site of insertion of the needle appears to influence the incidence of air embolism. Of the cases summarized in Table 1 , five were due to puncture of the right lobe of the liver; and, on the left side, an abnormally large left lobe of the liver has been punctured on three occasions (Cases 4, 39, and 48) , and puncture of the spleen has produced air embolism. in two cases (Cases 7 and 5 1) and haemorrhage in several others (Trimble, Eaton, Crenshaw, and Gourley, 1948; Bunnan, 1954) . If, however, the needle is inserted too low in the abdomen there is the risk of puncturing a pregnant uterus; this accident appears a possibility in Case 5, and cer-DA VID BURAMAN tainly occurred in the case described by Weiss (1951) , who inserted the needle in the midline below the umbilicus. Careful palpation and the routine use of the lateral border of the left rectus sheath at the level of the umbilicus or even lower (Cafiero and Mastropaolo, 1952) are probably the best ways of avoiding the viscera.
While the air is being injected, its flow should be stopped periodically to ensure that the manometer records an immediate fall in pressure. This sign is more important in determining whether the needle is in the peritoneum than fluctuations with respiration which are frequently absent. It is important to read the manometer frequently in the early stages of a refill, for an air embolism has occurred after the injection of only 85 ml. of air (Banyai, 1946 ) and a fatal case after 100 ml. (SitaLumsden and Elphinstone, 1950) .
If it is suspected that the air has been inserted into the tissues, then the needle must be immediately withdrawn and the patient remain lying down. The reason for this is easily seen from Table 1 , for, of 39 cases in which the time of onset is stated, three occurred on sitting up and 10 on standing or walking a few paces. One third of the cases thus occur on moving from the couch, and some of these might have been prevented had the patient remained horizontal. The patient, however, would have to remain lying down for several hours to allow the intravascular nitrogen to be absorbed. Suspicion that the air may be entering the tissues must be entertained if the patient complains of abdominal discomfort (as happened in Cases 2, 3, and 5 described above), if the pressure does not fall when the flow of gas is stopped, or if there is blood on the point of the needle. To these indications, Gabus (1952) adds an unexplained spasm of coughing, localized swelling, or restlessness.
TREATMENT OF AIR EMBOLISM
To be successful, the treatment of air embolism must be started directly the diagnosis is made. The essential treatment consists of four steps: change in posture, the administration of oxygen, aspiration of the right ventricle, and artificial respiration.
The patient must first be placed in a steep Trendelenburg position; Bohorfoush (1943) elmphasizes that the patient must be aimost vertical. In the case described by Le Bec and Bourhis (1951) , the patient was held vertically for a quarter of an hour by four men. Secondly, the patient must be turned on to his left side, for this has been shown experimentally in dogs to be a most successful manceuvre (Oppenheimer, Durant, and Lynch, 1953) , and Hamby and Terry (1952) Musgrove and MacQuigg (1952) . This position causes the air, which collects in the right ventricle, to move away from the opening of the pulmonarv artery; this allows a limited circulation to proceed even though there is still air in the right ventricle. If, as Forbes (1944) has suggested, death is due to blockage of the pulmonary artery itself or the smaller arterioles of the lungs, then these mancouvres will probably not be successful. Elevation of the feet may also prevent air in the abdominal veins reaching the right ventricle via the inferior vena cava or the cerebral sinuses via the vertebral plexus of veins. At Tan Tock Seng Hospital 24 in. (60 cm.) blocks were designed to raise the foot of the bed. If the blocks were any higher, it was found that the patient would slide off the couch when turned into the left lateral position. The time for which a patient must remain in this precarious and, when consciousness returns, uncomfortable position is debatable, but it should probably be for several hours (Gabus, 1952) . Although most patients either die within the first hour or recover (Hogan, 1947 ), a few die many hours later (Case, 1921; Le Melletier, 1945) ; and Abbott (1951) Fine, Hermanson, and Frehling (1938) , is necessary to promote the rapid absorption of intravascular nitrogen. To do this, the concentration of oxygen inhaled must be as high as possible, and a B.L.B. type mask is the most effective method. Experimentally, the administration of 100% oxygen for one to two hours alleviates and sometimes prevents the serious effects of arterial embolism in rabbits (Fine and Fischmann, 1940) . As man is less sensitive to the toxic effects of oxygen than rabbits, oxygen may be given for a longer period than this, and it would appear unwise for this period to be shorter than two hours.
Aspiration of the right ventricle was first shown to lower the mortality of venous air embolism in dogs by Senn in 1885, and he suggested that aspiration of the right auricle through a catheter passed through a vein might be a possible method of treatment in man. Joffe and Wells (1946) thought AIR EMBOLISM DURING PNEUMOPERITONEUM TREA TMENT that aspiration of the right ventricle would be more practical and might be effective because they found only 15 ml. and 20 ml. of air in the right ventricles of two patients at necropsy. Stallworth, Martin, and Postlethwait (1950) succeeded in removing 15 ml. of air from the right ventricle by repeated aspiration of air and blood, allowing the air to separate from the blood in the syringe, and reinjecting the blood to stimulate cardiac contraction. Bingel (1923) had previously aspirated the right ventricle with recovery of the patient, but, as he only removed 3 ml. of air, it is doubtful if the aspiration really affected the result. Larson (1951) showed that in dogs aspiration of air from the right ventricle was preferable to aspiration of the right atrium because it was more effective in re-establishing the circulation and because the atrium is liable to bleed after puncture by the needle. He suggests that in man blind aspiration of the right ventricle should first be attempted by inserting a needle either below the xiphisternum or in the fifth right intercostal space near the edge of the sternum; if this fails, then aspiration under direct vision followed by cardiac massage should be perfonned without hesitation. Weese (1952) , however, emphasi7es that time is an important factor in determining the prognosis and strongly opposes exposure of the heart as the first method of aspirating the right ventricle. Althouigh I have no experience of these techniques, it would seem advisable to be prepared to aspirate the right ventricle blindly even if the direct vision method is considered impractical. Bichat (1832) was the first to draw attention to the fact that, in death due to air embolism, respiration stops before the heart, and this led Nancrede (1885) to suggest artificial respiration as a form of treatment. The value of artificial respiration has been confirmed by Oppenheimer and others (1953) , whose experiments suggested that dogs were protected from the effects of venous air embolism when they received artificial respiration of a positive pressure type. Algenstiidt and Kainpe (1952) have used artificial respiration clinically, and it is certainly indicated when respiration has stopped.
Besides the above methods of treatment for venous air embolism which all have experimental evidence to support them, injections of adrenaline or nikethamide are commonly employed. More logically vasodilators have been used, and amyl nitrite (Senn, 1885) , papaverine (Joffe and Wells, 1946) , and aminophylline (Algenstadt and Kampe, 1952) have all had their supporters. To be effective these drugs must be given in intravenous or even intracardiac injection, but no time should be wasted in giving these injections until the posture of the patient has been changed, he has a good airway, and has been given oxygen.
In The methods of prevention of air embolism are discussed together with the place of posture, the administration of oxygen, aspiration of the right ventricle, and artificial respiration in its treatment.
